As environmental problems associated with energy systems become more serious, it is necessary to address them with consideration of their interconnections-for example, the energy-mineral nexus. Specifically, it is unclear whether long-term energy scenarios assuming the expansion of low carbon energy technology are sustainable in terms of resource constraints. However, there are few studies that comprehensively analyze the possibility of resource constraints in the process of introducing low carbon energy technology from a long-term perspective. Hence, to provide guidelines for technological development and policy-making toward realizing the low carbon society, this paper undertakes the following: (1) Estimation of the impact of the expansion of low carbon energy technology on future metal demand based, on the International Energy Agency (IEA)'s scenarios; (2) estimation of the potential effects of low carbon energy technology recycling on the future supply-demand balance; (3) identification of critical metals that require priority measures. Results indicated that the introduction of solar power and next-generation vehicles may be hindered by resource depletion. Among the metals examined, indium, tellurium, silver, lithium, nickel and platinum were identified as critical metals that require specific measures. As recycling can reduce primary demand by 20%~70% for low carbon energy technology, countermeasures including recycling need to be considered.
Introduction

Background
Environmental problems at the global level, including climate change and resource depletion, are some of the most challenging problems that humankind faces and will become even more important in the future with the global growth in population and economic activity. It is an important goal of all governments to achieve sustainable economic development while minimizing adverse environmental impacts. To this end, it is necessary to simultaneously address complex environmental problems that are increasingly interconnected. One such issue is the energy-mineral nexus [1] . For example, low carbon energy technology, which is key to mitigating global warming, could rapidly increase demand for specific metal resources and make resource depletion a real concern-not just locally but potentially on a global scale. This is because various rare metals (e.g., indium, gallium, tellurium, neodymium, dysprosium), which have been in low demand until now, are vital for the functionality of solar power, wind power and electric vehicles. There has been concern that the reserves of these rare metals may not be sufficient for future demand increases implied by high diffusion rates of these low carbon technologies to meet the mitigation challenge. Moreover, since these metals are often by-products of base metal ores such as copper and zinc, it is difficult to increase production independently to meet the rapid increase in demand. Additionally, it is not only rare metals but a variety of more common metals that are needed-for example, solar power requires more copper than thermal power [2] and 3 times the amount of copper is necessary for electric vehicles compared with conventional gasoline vehicles [3] , thus the widespread introduction of low carbon energy technology can have a significant impact on existing material flows and create pressure on production capacity as well as reserves. Despite the importance of mineral components to these technologies, long-term energy scenarios presented by several organizations such as the International Energy Agency (IEA) do not consider the potentially significant metal demand increases due to the expansion of low carbon energy technology [4] . However, if supply constraints occur in the future, it can be expected that the introduction of these technologies may be greatly restricted in comparison to the level of infrastructure required by these scenarios. This would have a significant negative impact on all sectors. Hence, in order to realize a low carbon society by introducing low carbon energy technology, a comprehensive consideration including recycling and reuse for multiple technologies and metals needs to be conducted from a long-term perspective and it is necessary to answer the following questions; (1) What are the metals that are likely to cause resource constraint concerns under the expansion of low carbon energy technology? (2) What are the metals that have a particularly important role in the creation of a low carbon society? By answering the above questions, it will be possible to provide information to decision-makers and the industry as to what metal resources should be focused-on and to advance appropriate technological development and policy-making reflecting the results.
Related Work
Based on the concerns described above, a growing number of studies have examined the potential constraints on metal resources related to energy technology in recent years. Most commonly these have been related to thin film type solar panels [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , permanent magnets used in wind power generation and next-generation vehicles [15] [16] [17] [18] [19] [20] [21] and secondary batteries or fuel cells for next-generation vehicles [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . However, most of these studies focus on specific technologies or metals and few studies have comprehensively analyzed the possibility of resource constraints in the introduction process of low carbon energy technology for multiple technologies and metals [36, 37] . Therefore, these studies only discussed the resource constraints potential of specific metals or technologies, no mention has been made as to which metal/technology is more "critical". Although defining "critical" metals is not straightforward, one of the definitions is that critical metals have high supply risk and high importance to industry or economy.
Criticality analysis methods have been developed to evaluate which metals are more critical. Criticality of metal resources is usually evaluated on the basis of "supply risk" which uses many factors to estimate how likely it is that a metal might become physically or economically unavailable and "vulnerability to supply constraint" which estimates how a nation or economy would be impacted by the unavailability of a metal. This study correlates these components of criticality (supply risk and vulnerability to supply constraint) with the above questions (1) and (2) respectively and seeks to evaluate which metals require priority measures.
As a forerunner of criticality analysis, in 2008 the U.S. National Research Council proposed a "Criticality Matrix" with supply risk on the horizontal axis and vulnerability to supply constraint on the vertical axis and identified the critical metals in the U.S. economy [38] . Furthermore, in 2010, the European Commission evaluated the critical metals for the E.U. with the horizontal axis as "economic importance" and the vertical axis as "supply risk" [39] , in which was revised in 2014 by extending the target metals [40] . The project group at Yale University, directed by Graedel, has published many papers on metal criticality [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] and one of the features of their approach has been the "Criticality Space", which also evaluated "environmental impact" in addition to supply risk and vulnerability. Yale University has developed a model for evaluating criticality at enterprise, nation and world level respectively and a large number of factors are taken into consideration. However, these studies do not take into consideration the expansion of low carbon energy technologies which would greatly change the future metal supply-demand balance. In addition, these studies evaluated the criticality of metals at only one point in time without consideration of long-term perspectives. The study on criticality of metals used for energy technology by the Department of Energy, United States of America (USDOE) [52] is one example aimed to consider these aspects. This study focused heavily on rare earths and demand forecasts were conducted for the USA up to 2025 with consideration of the diffusion of energy technologies. Rare earth elements such as dysprosium were evaluated as being particularly critical, which is reflective of the rare earth price spike caused by Chinese supply restrictions at that time [53] . Another study, by the European Commission Joint Research Center (JRC), analyzed the supply-demand balance of various metals related to energy technology up to 2030, based on the EU energy roadmap [54] . As a result, in addition to rare earth elements such as dysprosium and yttrium, gallium and tellurium were specified as critical metals with a high level of risk.
However, these studies are limited to mid-term analysis targeting specific nations or regions. Since the transition to a low carbon society that requires the introduction of completely new technologies will take place over several decades, it is expected that the criticality, including the supply-demand balance and the impact to society of related metals would change in time. Therefore, when evaluating metal criticality in the transition process to a low carbon society, dynamic analysis is desirable from a long-term perspective considering the relevance to the long-term energy scenario. However, in the past, attempts to conduct dynamic criticality analysis were limited to targeted metals, such as Neodymium [18] and those metals critical to wind power [55] , or focused on analyzing past trends and not mentioning future trends [56] . Furthermore, all of these studies have identified critical metals in specific regions such as the US and Europe and metal criticality at the global level for a variety of low-carbon energy technologies has not been effectively addressed. However, creation of a low-carbon society is not just an issue for specific regions, it is a challenge that each country should cooperate with. Therefore, it is necessary to consider the added pressure of a low carbon transition on metal supply at the global level. In particular, it is important that the IEA's energy scenarios be evaluated, as they are widely cited, well-researched and regularly updated.
Research Objectives and Steps
As described above, although there are several studies that have focused on the energy-mineral nexus and examined the availability of critical metals for multiple technologies and metals, there is no study that dynamically and comprehensively analyzes the criticality of metals used for low carbon energy technology at a global level. Moreover, among various energy scenarios, there has not been an examination of whether the long-term energy scenarios periodically released by the IEA [4] are sustainable in terms of resource constraints. However, since the IEA energy scenario is a major scenario that many policymakers refer to, it is necessary to analyze the impact of expansion of low carbon energy technology on material flows and examine whether these scenarios are sustainable in terms of resource constraints. Furthermore, it is necessary to identify critical metals that require special measures and to advance the necessary technological development and policy reflecting the results.
In addition, recycling of end-of life products as a mitigation strategy for resource constraints has drawn much attention in terms of the creation of a recycling-oriented society, or circular economy. In addition to its natural resource consumption-reducing effect, however the potential effects of low carbon energy technology recycling on future supply-demand balance have not been as widely examined as compared with mobile phones or personal computers that are frequently discussed [57] [58] [59] [60] [61] .
Therefore, in this paper, in order to provide guidelines for technological development and policy-making, the following research steps were undertaken:
1.
Development of low carbon energy technology introduction scenarios based on the IEA's long-term energy scenarios.
2.
Quantification of the impact of expansion of low carbon energy technology on future metal demand based on the developed scenarios.
3.
Supply balance analysis comparing estimated future metal demand with reserves, resources and current production.
4.
Estimation of future end-of-life low carbon energy technology and potential change in supply-demand balance based on changing in recycling rate.
5.
Identification of critical metals that require priority measures from among the low carbon energy technology related metals.
The low carbon energy technologies considered in this paper are solar power, wind power and next-generation vehicles (Hybrid electric vehicles, Plug-in hybrid electric vehicles, Electric vehicles, Hydrogen fuel-cell vehicles), among the metals used in these technologies, 15 metals were analyzed as shown in Table 1 . In this case, among the metals used for solar power, indium, gallium and selenium are used for CIGS solar panels and tellurium and cadmium are used for CdTe solar panels, respectively. In addition, dysprosium and neodymium are used for permanent magnets generator of wind power and next-generation vehicle, lithium, cobalt and nickel are used for secondary batteries and platinum is used for fuel cells for next-generation vehicles respectively. Steel, aluminum and copper requirements were also considered in cases where there was an anticipated change in requirement over business-as-usual (BAU). 
Methodology
Scenario Development
The diffusion scenarios for each technology were set as per the Reference Technology Scenario (RTS), 2 • C Scenario (2DS) and Beyond 2 • C Scenario (B2DS) from the Energy Technology Perspectives 2017 [4] published by the IEA. The RTS is a baseline scenario that takes into consideration the existing energy system and voluntary targets of each country pledged in the Paris Agreement, which will lead to a temperature rise of 2.7 • C by 2100. On the contrary, the 2DS is a major climate change mitigation scenario from the IEA, delineating a path to keep global temperature rise below 2 • C in 2100. Furthermore, the B2DS depicts a scenario that achieves 1.75 • C and is more ambitious than the 2DS. Figure 1 shows the transition of solar power and wind power generation capacity in each scenario and Figure 2 shows the transition of in-use stock of next-generation vehicles in the society. Compared to RTS, 2DS is expected to introduce a large amount of solar power and wind power and next-generation vehicles account for a large share of vehicle stock. On the other hand, in B2DS, there is no big difference in generation capacity of solar power and wind power compared with 2DS, however, there is a big difference in the ratio of next-generation vehicles. In this case, when we look at the power generation mix in each scenario shown in Figure 3 , it shows that the supply ratio of solar power and wind power to the total demand is not so large. Even in the most innovative B2DS, the solar power and wind power account for 17% and 20% of the total respectively in 2060. In this paper, based on the cumulative generation capacity and in-use stock shown in the diffusion scenario, the introduced amount (GW or number of vehicles) in each year was estimated by Equation (1) .
where: I t is the introduced amount (which accounts for retirement of end-of-life capacity or product), S t is the accumulated stock amount in year t, a is the number of years of use of the product and g(a) is the product life distribution (which is being used here to estimate the retirement of end-of-life product in any given year). The average lifetime of each technology and the shape parameter α which determines the shape of the lifetime distribution curve are set as shown in Table 2 . First, the amount of discarded or retired capacity in each year is estimated by the Weibull distribution and then the annual introduced capacity is estimated by Equation (1) . At this time, three scenarios (reference scenario, high scenario and low scenario) were set for the market share of CIGS solar panels and CdTe solar panels and wind power using permanent magnet type generators (PMG) as shown in Table 3 by referring to the literature [13, 20] . This market share is important, because there are various technology alternatives within the sub-sectors that could be used. 
Forecasting Metal Demand Considering Expansion of Low Carbon Energy Technology
Typical methods for estimating future metal demand are called stock flow analysis (SFA) or material flow analysis (MFA). In these analytical methods, inputs to society by end-use and product lifetime are typically used and outputs from society are calculated on as outflows at a given time. Products (and their contained materials) become productive stock within society for the given lifetime and may further experience a period of non-productive lag time before becoming outputs. Outputs may ultimately be disposed of or recovered for recycling. Then, the future demand is estimated from the difference between the input, the output and the stock as shown in Equation (1). As most materials will be utilized in a variety of end-use products, each of which has its own lifetime distribution (which is ideally estimated from empirical data), the stocks and flows of materials can be broken-down on the basis of each product or product type.
There have been many studies applying SFA or MFA, not only for the analysis of resource requirements. Müller et al. [65] , Creast et al. [66] and Hatayama et al. [67] estimated the future demand for steel, copper and aluminum under long-term economic development at the global level by using this method. However, these estimates did not take into consideration the diffusion of low carbon energy technology that could greatly change future resource supply-demand balance. This approach could be considered to be similar to our top-down model, described below.
On the other hand, Elshkaki et al. [68] and Busch et al. [21, 69] estimated future demand for metal resources used in solar power, wind power and next-generation vehicle and so forth. By using low carbon scenarios. Busch et al. [21, 69] applied a SFA with a detailed examination of the components of low carbon technologies and an assessment of their recyclability or reusability. However, demand used for other uses such as buildings and mobile phones were outside of the scope. In the current study, a similar approach for estimating required materials for low carbon technologies is taken in our bottom-up model.
When evaluating resource constraints in low-carbon scenarios, it is desirable to take into consideration two factors of demand increase: (1) the global growth in population and economic activity; (2) the spread of low carbon energy technology. Therefore, in this paper, a top-down model for evaluating (1); a bottom-up model for evaluating (2) and an integrated model in consideration of both of these component models were developed. The detailed descriptions follow.
Top-Down Model
In the top-down model, future metal demand is estimated by correlation between metal consumption per capita and GDP per capita. It has been pointed out previously that the metal consumption in developed countries such as Japan and the United States may be observed to have reached a peak of intensity and to subsequently decouple from economic growth [70] . In terms of copper, Figure 7a shows that GDP/cap has continued to increase while consumption per capita has decreased since around 1990. This can be explained with reference to Figure 7b , as follows. In the early years of economic growth, metal consumption will sharply increase due to the increase of buildings and industrialization but gradually the rate of increase will decline due to the increase of the service economy and saturation of major infrastructure and as economic growth further progresses, alternative materials are developed and utilization efficiency is improved, therefore metal consumption per capita will decrease.
In the top-down model, the correlation between metal consumption per capita and GDP per capita is expressed by a cubic Equation (2) based on this characteristic.
where f (x) is the metal consumption per capita, x is GDP per cap and it is considered that no metal resources are consumed at the stage when the economy is not developing at all in this paper, therefore the intercept δ is assumed to be zero. Historical GDP and population data was obtained from the World Bank [71] and future GDP growth rate and population were based on data used by the IEA [4] . In this case, we used the data of Japan, United States and Europe, as developed countries where data was readily obtained, to fit the historical data and determine the values of the parameters in the equation. It was further assumed that the overall world trend would develop in line with the best fit country data. Here, metal consumption was obtained from various sources [48, 49] , however we could only obtain the data for steel, aluminum, copper and nickel-the bulk commodity metals. Therefore, other metals whose consumption data are not readily accessible were estimated by subtracting low carbon energy uses from total production in 2015 (data is from [74] ) and assuming that the diffusion growth rate of other uses is comparable to the GDP growth rate. This growth rate was therefore set as 4.2% for 2016-2030, 3.5% for 2031-2040 and 2.2% for 2041-2060 referring to the literature [4] .
As outlined in the previous section, other authors have used similar techniques to estimate future demand for metals. The important concern in this paper is that the focus is on low carbon technologies specifically, so the top-down model is not able to adequately deal with advances in low carbon technology directly.
Bottom-Up Model
The bottom-up model estimates the influence of the introduction of specific new technologies on metal demand. Assuming that a specific product p is input into society with the amount I in year t, the demand M p,t of the metal resource used in the year t is expressed by Equation (3).
where W p,t is the content of the target metal contained in the product p. As an example of new products, electric vehicles are expected to replace existing gasoline vehicles and spread widely throughout society. However, the top-down model estimates the future metal demand without consideration of these changes, therefore the change in the metal demand due to the spread of the new product p is expressed by Equation (4) in consideration of the decrease of the old product q simultaneous with the increase in the new product.
As described earlier, a number of SFA models have been used to examine low carbon energy scenarios. In the current model, similar techniques are used, while the bottom-up model focuses only on the low carbon technologies, not considering other products in society. The combination with the top-down model is described below, which is aimed to overcome the constraints of both models.
Integrated Model
The integrated model estimates future metal demand in consideration of two macroeconomic factors of metal demand in the form of global growth in the economy and population, as well as the expansion of low carbon energy technology. In this case, the cumulative demand C t 1 t n from the starting year t 1 to the year t n is estimated by Equation (5) that is an integrated model combining the top-down and bottom-up models.
where p represents a set of target products. Metal intensity of each technology was set as shown in Tables 4-6 and each metal price also indicated to express the price importance of different metals for different technologies. Metal prices vary with demand across all sectors, as well as speculative investment and it is likewise expected that there would be some increase in price associated with scarcity of minerals, that would ultimately impact their usage within technologies. For the sake of this study, prices were considered to be constant, as their prediction is not currently feasible. 
Sustainability Analysis
The various approaches to criticality assessment typically involve both supply risk and vulnerability to supply risk, using a variety of indicators. Rather than take on the full suite of indicators, in this study a set of simplified indicators crucial to the context of the issue being evaluated (low carbon energy) were utilized. The components used for supply risk (potential for physical depletion or scarcity), the vulnerability of these technologies (price relevance of metals) and the importance of these technologies to achieving the low carbon future were considered factors of supply vulnerability, while environmental impact was also considered.
The possibility of physical depletion as a factor causing a supply shortage of metals was focused on in this study and sustainability was evaluated by comparing the estimated future cumulative demand with reserves and resources. When the estimated cumulative demand exceeds the reserves or resources, the technology becomes economically or physically unusable and it is determined to be unsustainable. The values of reserves and resources were set as shown in Table 7 by referring to various sources. Regarding the amount of resources, it is important to note that the estimated value varies depending on the literature and it may change greatly depending on future surveys, while it is well-understood that reserves will change by definition as cost of extraction, price of metal and technologies change over time. In addition, supply restrictions become obvious not only when exhaustion occurs but when supply cannot keep up with demand increase. Therefore, we compared the estimated annual demand for low carbon energy technology with production in 2015 (Data various [74, 79] ) in order to take a first-order examination of the feasibility of the pace of expansion required. Note: 1 Calculated from rare earths resources using the elemental ratio of known reserves.
Estimation of Recycling Effect on Future Metal Demand
Effective measures for sustainable use of metal resources would be anticipated to incorporate effective treatment of waste streams through a strategy of reduction, reuse and recycling. Each of these management strategies has the opportunity to reduce primary metal consumption in the product life cycle as shown in Figure 8 . Substitution of metals or the use of alternative technologies is another factor that is likely to be important in the evaluation of criticality of minerals, particularly as the effects of scarcity could make minerals financially unavailable. In this study substitution was not considered, as the aim was to examine known technologies and key minerals utilized in them, although this may ultimately lead to policy suggestions including promotion of alternatives.
Among the considered strategies, it is expected that the metal intensity of low carbon energy technology will be reduced by future technological development. At the same time, it is desirable to construct a recycling-oriented society by using waste as resources rather than disposing of it. However, compared with mobile phones and personal computers, little consideration has been given to how much the recycling of low carbon energy technology will affect future metal demand [21, 69] . Therefore, in this paper, we estimated the future discarded low carbon energy technologies and the potential change in future primary demand by comparing each of the scenarios shown in Table 8 . At this time, future primary metal demand M p,t with consideration of recycling is calculated by Equation (6) .
where Discard p,t is the amount of product p discarded in year t and was estimated by the Weibull distribution. Recycling rate p is the recycling rate of discarded materials, shown in Table 8 . In this case, it should be noted that the technological hurdles of recycling vary depending on each metal or product. For example, it is relatively simple to recycle large permanent magnets from wind turbines, as well as copper and steel, while recycling a tiny amount of platinum from a fuel cell or indium from a solar panel could be more problematic due to the quantities and the difficulty in separating fine layers of material. However, in this study, the same recycling and reduction rate was given to all metals without considering these differences, in order to simply estimate the potential change in future primary metal demand. 
Identifying Critical Metals That Require Priority Measures
In order to utilize metal resources on a sustainable basis and to introduce low carbon energy technology according to the scenarios, we must identify the critical metals that require priority measures and develop the necessary technologies and system design to manage them. Therefore, in this research, critical metals that require priority measures were identified by creating a bubble diagram that shows "the depletion potential" or "the ratio of demand increase" on the horizontal axis, "the importance for decarbonization" on the vertical axis, and expresses "the environmental impact" by the size of the bubble.
Depletion Potential and Ratio of Demand Increase
Resource depletion problems are frequently discussed-especially for rare metals. In this paper, as mentioned briefly in Section 2.3, this was evaluated by Equations (7) and (8) 
In this study, the current reserves and resources are considered to be static and to have been used up when the depletion potential value exceeds 100%. The larger the value, the more metal demand will be consumed compared to current reserves and resources. In the various criticality studies described above, other indicators such as concentration of producing countries and political stability were considered as factors of supply constraint. However, this study referred to criticality evaluation at a global level in the literature [41, 50] and embraced the factor of depletion potential as a basic and fundamental risk to evaluate at a global level from a long-term perspective.
In addition, the ratio of demand increase was evaluated by Equation (9) . This is because supply restrictions may arise when supply cannot keep up with rapid demand increases as described in Section 2.3.
Ratio o f demand increase =
Cumulative demand
Importance for Decarbonization
The importance for decarbonization attempts to quantify the potential impact on the construction of a low-carbon society if supply constraints occur and consists of "CO 2 importance" and "price importance".
Firstly, CO 2 importance shows how much CO 2 reduction as indicated in the diffusion scenario of low carbon energy technology would be impacted by a decline in diffusion of product p due to resource constraint. It was estimated by Equation (10) .
where C p is the CO 2 reduction amount attributable to the spread of product p and C total is the CO 2 reduction across the whole low carbon society in the scenario. The amount of CO 2 reduction was cited from the report as shown in Figure 9 [4]. In this case, the amount of CO 2 reduction has been calculated by comparing RTS and 2DS. It should be emphasized that C total includes not only the technology that was analyzed in this paper but also the effect of reducing Carbon Capture and Storage (CCS) and efficiency improvement and so forth. A high value of CO 2 importance indicates that the decline of product p due to resource constraints has a large negative impact on the realization of the low carbon society. A low value of CO 2 importance indicates that the role of product p using the targeted metal in the construction of low carbon society is relatively small.
from the report as shown in Figure 9 [4] . In this case, the amount of CO2 reduction has been calculated by comparing RTS and 2DS. It should be emphasized that includes not only the technology that was analyzed in this paper but also the effect of reducing Carbon Capture and Storage (CCS) and efficiency improvement and so forth. A high value of CO2 importance indicates that the decline of product p due to resource constraints has a large negative impact on the realization of the low carbon society. A low value of CO2 importance indicates that the role of product p using the targeted metal in the construction of low carbon society is relatively small. Secondly, regarding the price importance, concerns about supply shortages in the face of demand growth could cause metal prices to rise. In this case, if the metal costs account for most of the technology costs, the metal price rises could become a serious obstacle to the introduction of the low carbon energy technology. Therefore, this paper proposes the price importance as an index showing Secondly, regarding the price importance, concerns about supply shortages in the face of demand growth could cause metal prices to rise. In this case, if the metal costs account for most of the technology costs, the metal price rises could become a serious obstacle to the introduction of the low carbon energy technology. Therefore, this paper proposes the price importance as an index showing how much influence resource constraint has on technology price. Price importance of product p is given by Equation (11) .
where Q metal is the metal price used for product p and Q p is the price of product p itself. In this case, the metal price referred to the USGS database [78] as shown in Tables 4-6 and the technology price referred to the IRENA database [85] as shown in appendix as Table A1 . A high value of price importance indicates that the technology price depends greatly on the metal price, which means that there is a high possibility that the transition to the low carbon society will be inhibited by metal price fluctuations due to supply shortages. A low value of price importance indicates that the dependency of the technology price on the metal price is low and implies that the influence of metal price fluctuation on technology introduction is relatively small. Finally, the importance for decarbonization was calculated by Equation (12) .
At this time, CO 2 importance and price importance were normalized in the range 0-1 and given equal weight.
Environmental Impact
Although constraints due to environmental impacts tend to be ignored in the evaluation of supply potential of metal resources, it is a crucial issue. This is because the greater the environmental destruction associated with the refining process of metals, the greater the possibility that supply will be difficult due to future environmental regulations. Accordingly, the magnitude of the environmental impact was set by referring to values from the literature [50] . The value utilized is an inclusive indicator of the influence of various discharges, harmful outflows, land use and so forth. in the metal refining process using the ReCiPe impact assessment method. Figure 10 shows the results of the top-down model, taking copper as an example (the full set of estimates is shown in the appendix as Figure A1 ). Since the Japanese historical data fitted most in the case of copper, an approximate equation prepared using Japanese data. In addition, Figure 11 shows the cumulative demand for all uses based on the integrated model in the case of metal whose data could be obtained and the bottom-up model in the case of other metals from 2016 to 2060 and Figure 12 shows annual demand estimates for various metals up to 2060. refining process using the ReCiPe impact assessment method. Figure 10 shows the results of the top-down model, taking copper as an example (the full set of estimates is shown in the appendix as Figure A1 ). Since the Japanese historical data fitted most in the case of copper, an approximate equation prepared using Japanese data. In addition, Figure 11 shows the cumulative demand for all uses based on the integrated model in the case of metal whose data could be obtained and the bottom-up model in the case of other metals from 2016 to 2060 and Figure 12 shows annual demand estimates for various metals up to 2060. From Figure 10 it can be seen that world historical copper consumption data is broadly consistent with the approximate expression based on detailed Japanese data. While there will be specific national trends and differences, for lack of more disaggregated data, we assumed that the world data will develop in line with the Japanese model in the case of copper. In addition, other metals were also considered to develop with same growth pattern with the best fitting country. Figures 11 and 12 show the impact of low carbon energy technology expansion on future metal demand, suggesting that it may significantly change the future supply-demand balance. Here it is estimated that cumulative demand exceeding the current reserves will occur by 2060 for all metals except for gallium, dysprosium, neodymium and aluminum. This implies economic resource depletion. In particular, in Figure 13 that shows estimated cumulative demand and reserves/resources ratio in the case of 2DS (the full set of estimates is shown in the appendix as Figure A2 ), demand for indium, tellurium and silver used for solar panels is estimated to be several times more than current reserves. Furthermore, compared with the much larger figure of available resources, the possibility of physical depletion of indium, selenium, tellurium, silver, nickel and platinum is also indicated. Potential depletion of reserves of some metals could be within the period 2030-2040, although breaching current resource limits is only likely beyond 2040. The implications of this are that the introduction of solar power and next-generation vehicles may potentially be hindered by resource depletion. On the other hand, with regard to dysprosium and neodymium, the cumulative demand up to 2060 is estimated to be only about half of the existing reserves and the possibility of constraints due to depletion of resources of these metals will be low. From Figure 10 it can be seen that world historical copper consumption data is broadly consistent with the approximate expression based on detailed Japanese data. While there will be specific national trends and differences, for lack of more disaggregated data, we assumed that the world data will develop in line with the Japanese model in the case of copper. In addition, other metals were also considered to develop with same growth pattern with the best fitting country. Moreover, from the examination of annual demand for low carbon energy technology and current production shown in Figure 12 , it is indicated that annual demand will exceed current production for all metals except for cadmium, steel, aluminum and copper by 2060. This means that these metals' future production may not keep up with future demand due to rapid growth. Therefore, although there may be no problem with reserves/resources for minerals such as dysprosium and neodymium, supply shortages may arise due to rapid demand increase. Figure 14 shows the breakdown of cumulative demand in the case of the 2DS (the full set of estimates is shown in the appendix as Figure A2 ). In this case, the demand for low carbon energy technology was estimated by using the bottom-up model and other uses was estimated by using the top-down model. As shown in Figure 14 , demand drivers of bulk metals such as steel or base metals such as copper are dominated by economic and population growth of emerging countries. On the other hand, the demand increase for many rare metals is caused by the expansion of low carbon energy technology. That is, in order to maintain supplies of the many rare metals that have been shown to have the possibility of depletion, it is necessary to conduct appropriate management, such as recycling and reduction activities in this growth sector as the primary focus. current resource limits is only likely beyond 2040. The implications of this are that the introduction of solar power and next-generation vehicles may potentially be hindered by resource depletion. On the other hand, with regard to dysprosium and neodymium, the cumulative demand up to 2060 is estimated to be only about half of the existing reserves and the possibility of constraints due to depletion of resources of these metals will be low.
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Moreover, from the examination of annual demand for low carbon energy technology and current production shown in Figure 12 , it is indicated that annual demand will exceed current production for all metals except for cadmium, steel, aluminum and copper by 2060. This means that these metals' future production may not keep up with future demand due to rapid growth. Therefore, although there may be no problem with reserves/resources for minerals such as dysprosium and neodymium, supply shortages may arise due to rapid demand increase. Figure 14 shows the breakdown of cumulative demand in the case of the 2DS (the full set of estimates is shown in the appendix as Figure A2 ). In this case, the demand for low carbon energy technology was estimated by using the bottom-up model and other uses was estimated by using the top-down model. As shown in Figure 14 , demand drivers of bulk metals such as steel or base metals such as copper are dominated by economic and population growth of emerging countries. On the other hand, the demand increase for many rare metals is caused by the expansion of low carbon energy technology. That is, in order to maintain supplies of the many rare metals that have been shown to have the possibility of depletion, it is necessary to conduct appropriate management, such as recycling and reduction activities in this growth sector as the primary focus. 
Potential Change in Supply-Demand Balance Based on Changes in Recycling Rate
The estimates of metal discarded from each low carbon energy technology at the end of its lifetime in the 2DS are shown in Figure 15 . This estimation was based on the Weibull distribution as indicated in Section 2.4. Here, the results only show tellurium as representative of solar power, dysprosium as representative of wind power and lithium as representative of next generation vehicles (the full set of graphs is shown in the appendix as Figure A3 ). The figures show that this waste stream will increase sharply up to 2060 in accordance with the demand increase. In addition, the discard of solar power and wind power end-of-life products by region shown in Figure 16 was estimated based on regional future scenarios presented by the IEA [4] . These suggest that China has a very large recycling potential in the near future, therefore it can be said that the establishment of a 
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the full set of graphs is shown in the appendix as Figure A3 ). The figures show that this waste stream will increase sharply up to 2060 in accordance with the demand increase. In addition, the discard of solar power and wind power end-of-life products by region shown in Figure 16 was estimated based on regional future scenarios presented by the IEA [4] . These suggest that China has a very large recycling potential in the near future, therefore it can be said that the establishment of a recycling system in China is particularly desirable. Figure 15 . Annual discards of end-of-life material and annual demand for low carbon energy technology. In this case, tellurium discards from CdTe solar panels, Dysprosium discards from wind power using permanent magnets and next-generation vehicles and lithium discards from nextgeneration vehicles. Figure 17 shows the change of primary metal demand when recycling the above discarded material is incorporated according to the scenarios shown in the Table 8 (the full set of graphs is shown in the appendix as Figure A4) .
In scenarios B and C, which show the effect of reducing metal demand by recycling alone, it is shown that the primary metal demand for low carbon energy technology in 2060 can be reduced by 20% to 70% compared to scenario A which is a scenario with no resource recovery measures. Furthermore, in scenario D assuming a case where the reduction of metal intensity is also advanced by technological development, it is possible to bring the net annual primary demand in 2060 closer Figure 17 shows the change of primary metal demand when recycling the above discarded material is incorporated according to the scenarios shown in the Table 8 (the full set of graphs is shown in the appendix as Figure A4) .
In scenarios B and C, which show the effect of reducing metal demand by recycling alone, it is shown that the primary metal demand for low carbon energy technology in 2060 can be reduced by 20% to 70% compared to scenario A which is a scenario with no resource recovery measures. Furthermore, in scenario D assuming a case where the reduction of metal intensity is also advanced by technological development, it is possible to bring the net annual primary demand in 2060 closer to zero.
Additionally, in terms of a cumulative reduction to 2060, about 150 kt can be reduced in the case of tellurium, which is equivalent to solar capacity of 1400 GW. Similarly, it is estimated that 200 kt of dysprosium equivalent to about 1000 GW of wind power generators or about 2 billion next-generation vehicles and 100 Mt of lithium equivalent to about 1 billion electric vehicles can be reduced respectively.
Among these metals, Figure 18 shows the cumulative primary demand for tellurium and lithium in each scenario from 2016 to 2060. From this, it can be seen that lithium can avoid depletion of reserves by tackling recycling and reduction of intensity but tellurium depletion is only delayed by 3 years. Therefore, metals with an early anticipated depletion, including tellurium and metals with a high share of demand for uses other than low carbon energy technologies, can be considered high risk metals for which resource constraints may occur unless fundamental measures such as substitution or recycling from other uses, in addition to recycling of low carbon energy technology, are taken. Figure 19 shows the results for the depletion potential of critical metals and their influence on decarbonization (disaggregated results of "CO2 importance" and "Price importance", which are the two indicators constituting importance for decarbonization, and are shown in the appendix as Figures A5  and A6 ). Silver and nickel were identified as critical metals that require intensive measures based on their depletion potential, importance of decarbonization and environmental impact. Since silver and Figure 19 shows the results for the depletion potential of critical metals and their influence on decarbonization (disaggregated results of "CO 2 importance" and "Price importance", which are the two indicators constituting importance for decarbonization, and are shown in the appendix as Figures A5 and A6 ). Silver and nickel were identified as critical metals that require intensive measures based on their depletion potential, importance of decarbonization and environmental impact. Since silver and nickel play an important role in the creation of a low carbon society in addition to the insufficient reserves for future demand, it is necessary to prioritize countermeasures for ensuring stable supplies. Similarly, it can be said that platinum needs to have attention paid to it, because the reserves are not sufficient and its importance for decarbonization and environmental impact are both large. For indium and tellurium, although the importance for decarbonization is not as high, the depletion potential and environmental impact are very large. Moreover, the ratio of demand increase is also quite large in the case of tellurium, therefore it is necessary to consider countermeasures. In addition, when looking at lithium, while there is no problem from the perspective of reserves and resources because of their abundance but future demand increase is rapid comparing with current production, hence, future supply may not keep up with demand.
Critical Metals That Require Priority Measures
Since recycling and reducing can greatly reduce future primary demand as indicated in Section 3.2, it is necessary to promptly develop recycling and reducing technologies to increase the ability to obtain these metals in a stable manner and introduce them in parallel with the introduction of low carbon energy technology.
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Discussion
Comparison with Previous Studies
In this section, the results obtained in this paper are compared with some previous studies as shown in Tables 9 and 10 . In this case, please note that there has not been an exactly similar study in the past and there are many differences in target technology and metal as well as target region and period. Here, a bottleneck metal means any metal that could restrict low carbon energy technology introduction in the future due to supply constraints, as evaluated by the future supply-demand balance. On the other hand, a critical metal is a metal that is evaluated as having a high risk taking into consideration not only the supply-demand balance but also the impact of supply constraints.
Firstly, when we look at Table 9 , whereas previous studies evaluated bottlenecks by comparing with reserves or current production respectively, this study also considered resources. Through this, it is revealed that although demand for dysprosium and neodymium would rapidly increase, long-term depletion problems would not occur.
Secondly, in the case of criticality analysis in Table 10 , it can be considered whether taking geopolitical factors into account made a significant difference in the results. While gallium and rare earths with high geopolitical risk were considered to be critical in previous studies, this study evaluated these metals as not critical. This may also be because of the difference of whether the analysis target was at global level or at specific national level.
It should be noted that there are more issues of scope and methodology that must also be considered in comparing the results. Firstly, there is a difference in the target year-it would be expected that longer-term analyses would be more likely to indicate resource restrictions when measured against static reserves. On the other hand, production constraints are likely to be more apparent on a short-term basis, that may be hidden in longer term extrapolations. Another important factor is that the methods of estimation of both supply and demand vary across studies. In the current case, demand is estimated using both a bottom-up material intensity approach to consider the target technologies, combined with top-down approaches to consider the bulk mineral commodities and the influence of macroeconomic growth factors on the non-target sectors. On the other hand, ref. [36] considered demand for clean energy only, using a material intensity model and extrapolated different growth rates of energy demand and the clean energy sub-sectors from recent historical trends. In Reference [37] , a material intensity approach was used but overall demand was extracted using a macroeconomic systems model. In the current study, supply has been assumed to keep pace with demand except where cumulative demand exceeds resources or reserves. In the case of Reference [36] , the supply was estimated separately, with various supply scenarios from historical data, including potential rates of recycling. In the latter study, supply was considered as a limitation to clean energy roll-out.
With regards to criticality, there are many alternative, though largely related, approaches. There are, of course, simple differences such as the metals considered in the study-the compared studies in Table 10 all investigate energy technologies, so they show a certain amount of overlap but the metals considered critical are not consistent. Partly, this is due to the national/regional level scope of the compared studies (versus global in this study), while the factors of criticality examined here may be considered a subset of those considered in the other studies. 
Uncertainties of Estimation Method
The forecasting of metal demand, the analysis of supply balance and the critical metal identification method carried out in this paper include the following uncertainties, which are considerations for future work.
•
In the top-down model, since the world future demand was estimated based only on Japan and USA historical data, differences in characteristics between countries were not sufficiently considered. Therefore, it is desirable to undertake the same type of regression for more countries, so that the applicability of the approach for each country or region can be better justified.
•
In the bottom-up model, since the diffusion growth rate of uses other than low carbon energy technology was considered to be about the same as GDP growth rate, differences between products are not considered. For other uses, the breakdown should be analyzed in more detail and the diffusion growth rate should be given according to the product characteristics.
In the supply balance analysis, the current recycling rate for uses other than low carbon energy technology was ignored. The recycling rate varies greatly for each metal and product and the higher the rate of the secondary resource supply of demand is, the lower the possibility of depletion. Therefore, for other uses, it is necessary to estimate the secondary resource supply by giving the average lifetime and recycling rate for each product.
There is a possibility that reserves and resources will change significantly in the future. Especially if the price of metals and therefore the incentive for mining development, rises as demand increases there is a high possibility that format least some of what is currently considered uneconomic resources will be transferred to the class of reserves. This may also occur due to the improvement of mining technology. Therefore, there is a need for ongoing data collection and updating of the assessment.
In the critical metal identification method, this paper considered only the possibility of physical depletion, the ratio of demand increase, the importance for decarbonization and the magnitude of environmental impact, however there are various other potential indicators of criticality, such as price volatility, concentration of producing countries and by-product ratio, that could also be applied. Hence, it is desirable to carefully examine these factors and incorporate them into the identification method appropriately.
The substitution potential was not considered in this analysis. For example, REE permanent magnets could be replaced by electromagnets, CIGS and CdTe solar panel could be replaced by Si based solar panels and cobalt content of Li-ion batteries has been reduced significantly in the past decade and alternatives are being developed. This means that resource constraints may not have as significant an impact on the creation of a low-carbon society. Therefore, although it is difficult to quantify the substitution potential, it should be considered as an indicator of importance for decarbonization.
Conclusions
In this paper, to provide guidelines for technological development and policy-making to introduce low carbon energy technology by avoiding resource constraints, the impact of the expansion of low carbon energy technology on future metal demand based on the IEA's scenarios was examined quantitatively. In addition, we estimated the future discarded low carbon energy technology and the potential effect of reducing primary metal demand based on changes in recycling rate which were not widely conducted in the past. Moreover, this paper identified critical metals that require special measures. The main findings obtained from the above are as follows:
1.
The diffusion of solar power and next-generation vehicles may be hindered by resource depletion.
2.
The demand increase factor of common metals is dominated by economic and population growth in emerging countries, on the contrary, many rare metals are largely influenced by the expansion of low carbon energy technology. 3.
By establishing a recycling system, annual primary metal demand for low carbon energy technology in 2060 can be reduced by from 20% to 70% and it is possible to bring the net demand to approximately zero if reduction of material intensity is also undertaken. 4.
Critical metals that require special measures were identified as indium, tellurium, silver, lithium, nickel and platinum from the viewpoints of physical depletion potential, ratio of demand increase, importance for low carbonization and magnitude of environmental impact in the production process.
In order to realize a sustainable society, it is necessary to sufficiently understand the energy-metal nexus and tackle resource constraints in order to achieve sustainability on both sides. It is definitely unsustainable if resource depletion occurs by introducing low carbon energy technology without considering the influence on metals. Therefore, it is necessary to consider all related problems comprehensively and work on solving the problems that emerge from the nexus appropriately, not from a single viewpoint. In this respect, the results clarified by this paper can help in understanding the energy-metal nexus and achieving a sustainable society. Appropriate technological development and policy-making should be carried out reflecting these results. 
